Abstract: Thermal radiation plays an increasingly important role in many emerging energy technologies, such as thermophotovoltaics, passive radiative cooling and wearable cooling clothes [1] . One of the fundamental constraints in thermal radiation is the Stefan-Boltzmann law, which limits the maximum power of far-field radiation to P 0 = σT 4 S, where σ is the Boltzmann constant, S and T are the area and the temperature of the emitter, respectively (Fig. 1a) . In order to overcome this limit, it has been shown that near-field radiations could have an energy density that is orders of magnitude greater than the StefanBoltzmann law [2] [3] [4] [5] [6] [7] . Unfortunately, such near-field radiation transfer is spatially confined and cannot carry radiative heat to the far field. Recently, a new concept of thermal extraction was proposed [8] to enhance far-field thermal emission, which, conceptually, operates on a principle similar to oil immersion lenses and light extraction in light-emitting diodes using solid immersion lens to increase light output [62] .Thermal extraction allows a blackbody to radiate more energy to the far field than the apparent limit of the Stefan-Boltzmann law without breaking the second law of thermodynamics. Thermal extraction works by using a specially designed thermal extractor to convert and guide the near-field energy to the far field, as shown in Fig. 1b . The same blackbody as shown in Fig. 1a is placed closely below the thermal extractor with a spacing smaller than the thermal wavelength. The near-field coupling transfers radiative energy with a density greater than σT 4 . The thermal extractor, made from transparent and high-index or structured materials, does not emit or absorb any radiation. It transforms the near-field energy and sends it toward the far field. As a result, the total amount of far-field radiative heat dissipated by the same blackbody is greatly enhanced above SσT 4 , where S is the area of the emitter. This paper will review the progress in thermal extraction. It is organized as follows. In Section 1, we will discuss the theory of thermal extraction [8] . In Section 2, we review an experimental implementation based on natural materials as the thermal extractor [8] . Lastly, in Section 3, we review the experiment that uses structured metamaterials as thermal extractors to enhance optical density of states and far-field emission [9] . 
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Thermal Extraction Theory
We start by considering the classical construction of an ideal blackbody emitter: a small opening in a cavity as shown in Fig. 2 . The cavity is filled with transparent dielectric medium that has a refractive index n i as shown in Fig. 2a . Outside the cavity is vacuum. Inside the cavity, the sidewalls are made of diffusive reflector that also absorbs light. Any light that enters through the open area will bounce back and forth between the sidewalls and eventually get fully absorbed by the cavity. Here we assume perfect antireflection at the opening of the cavity. The cavity's temperature is T and its opening area has an area of S. The opening area is completely dark with a unity emissivity. We will investigate the thermal emission when the cavity is filled by materials of different refractive indices n i . As we vary n i , the thermal radiation intensity inside the cavity scales as n 2 i . However, the cavity always has the same farfield thermal emission with an emitted power of σT 4 S [37] . This is because the total internal reflection at the opening of the cavity prevents a significant portion of the internal thermal radiation from leaving the cavity. The resulting thermal emission to the far-field vacuum always has the same profile independent of refractive index n i .
To extract more radiation power from this type of a structure, Yu, et al. [8] proposed to place a hemispherical dome to cover the cavity, as shown in Fig. 2 b. Here the dome has an index ne. It enlarges the critical angle for totally internal reflection at the cavity opening and thus enables more thermal radiation modes inside the cavity to escape. Importantly, the dome itself is assumed to be transparent, so that it neither emits nor absorbs any thermal radiation. A ray tracing method can be used to calculate the thermal emission from the geometry shown in Fig. 2b . It is assumed that the opening of the cavity has a circular shape of radius r and the dome has a radius R such that R > ner, which ensures that any light reaching the surface of the dome can escape to the far field vacuum. Under such conditions, a light ray originating from the open area S, has an incident angle less than the total internal reflection angle φ ≤ sin −1 ( 1 ne ) (Fig. 2b, solid arrows) at the curved interface between the dome and the outside vacuum. It can be shown that the total emission power is Fig. 3 shows the thermal radiation as a function of the refractive index of the dome ne. The total radiation power from an empty cavity ( n i = 1 dashed line in Fig. 3) does not change as a function of ne, while the power from the filled cavity (solid line in Fig. 3 ) increases as ne increases until ne = n i . With the assistance of the thermal extraction, the filled cavity can emit up to n 2 i SσT 4 to far-field vacuum, n 2 i times of the radiated power without the thermal extractor. The internal density of the state of the thermal body must be higher than that of the extraction device in order to achieve the maximum effect of the enhanced thermal emission. The distribution of thermal radiation on the surface of the dome can be calculated with a schematic shown in Fig. 4a . For a small area ∆A on the surface of the dome, the thermal radiation power it receives from the cavity is The definitions of the geometric parameters in Eq. (2) are provided in Fig. 4a and φ i is the maximum apex angle of the emission cone. All radiation that the area ∆A receives can escape the dome. As a dimensionless quantity, a normalized power distribution
is defined to describe the power distribution on the surface of the dome. Owing to rotational symmetry, f only depends on the polar angle θ. The green circle is the boundary of the dome. The darker region indicates higher emission and the white region has zero emission [8] .
As one specific numerical example, a case where ne = 4 is calculated. The dome radius R = 5r is chosen to satisfy the condition R > ner. f (θ) is numerically evaluated using Eq. (3) and is shown in Fig. 4b for both empty cavity ( n i = 1) (Fig. 4c) , and filled cavity ( n i = 3) (Fig. 4d) . For both cases, f (θ) never exceeds unity. This is expected from the Stefan-Boltzmann law, as the dome is in direct contact with vacuum outside, the emission from every surface element of the dome cannot exceed that of a surface element on a blackbody with the same area.
We see that f (θ) maximizes at normal direction θ = 0, as this area is directly above the opening the cavity. f (θ) decreases as θ increases and eventually vanishes for large θ, as at large θ the corresponding area lies outside the emission cone of cavity. However, the emission profile of the filled cavity expands to a much wider angular range than that of the empty cavity (Fig. 4c,d ). When thermal extraction occurs, as an example for the case here of the filled cavity, the entire dome appears bright. Therefore, the use of the transparent dome allows one to enlarge the actual emission area beyond the physical area of the emitter itself and, therefore, enhances the thermal emission.
Thermal Extractor with Natural Material
As an experimental demonstration of the above theory, we discuss here the experiment that uses a carbon-black thermal body as the emitter [8] . It has an index of n i = 2.3 and an emissivity around 0.85 in the near-infrared to midinfrared region. A circular carbon dot is coated on a polished aluminum sample holder, which provides a low emission background. A hemispherical dome made from ZnSe is used as the thermal extractor. It has an index of ne = 2.4 and is transparent in the near-infrared to midinfrared region. The dome's radius is chosen such that the condition R > ner is satisfied. The aluminum sample holder is placed on a temperature controlled heater (Fig. 2c,d ). The entire heater is placed in a vacuum chamber (∼10 −6 Torr) to avoid oxidation of ZnSe and to maintain thermal stability. The thermal radiation is measured through a CaF 2 window on the vacuum chamber. The thermal emission is collected by a parabolic mirror and sent through an aperture to a Fourier transform infrared (FTIR) spectrometer. To measure the angular emission, the heater stage can be rotated inside the vacuum chamber. For calibration purposes, a blackbody simulator (Infrared System Development Corporation 564/301 and IR-301 Blackbody controller) is also measured using the same optical set-up. Background emission from the aluminum sample holder has been subtracted in the data shown below. Figure 5 shows the emission spectra of the structures at various angles. The spectral density from an ideal blackbody of the same size as the carbon black dot is plotted as reference (black lines). As expected, the bare carbon dot (blue lines) emits less than the ideal blackbody, with an emissivity of 0.85 in the normal direction. In the presence of the dome, the emitted power in the normal direction from the same carbon-black dot is enhanced by 4.46-fold, representing a 3.79-fold enhancement over the emission by an ideal blackbody with the same area as the carbonblack dot (Fig. 5a ). Similar enhancement is observed for off-normal directions as well (Fig. 5b-d ). The experiment also shows that the enhanced emission is purely from the extraction of carbon's internal thermal energy, not from the ZnSe hemisphere. 6 shows the angular emission, as obtained by integrating the spectral density over the wavelength range of 2-8 µm. For all angles, the presence of the dome results in enhanced emission (Fig. 6 red curve) , as compared with both the carbon-black dot without the dome (Fig. 6 , blue curve) and an ideal thermal body (Fig. 6, black curve) of the same area. The total thermal emission is obtained by integrating over all angles and all wavelengths in the range of 2-8 µm. The total emission is 10.4 mW for the ideal thermal body, 7.6 mW for the bare carbon dot and 31.3 mW for the carbon dot with the dome.
To achieve maximum thermal extraction, we require that all evanescent waves from the emitter can couple into the dome. Thus the emitter and the dome must be in optical contact, that is, the distance between the emitter and the flat surface of the dome must be significantly smaller than the thermal wavelength. If the distance between the emitter and the dome is much larger than the thermal wavelength, thermal extraction does not work. An example of a distance of 30 µm is shown by the green line in Fig. 6 . In the normal direction, due to the focusing effect of the hemispherical dome, the emission is higher than that that of bare carbon dot, but it quickly diminishes at large angles with negligible emission beyond 40 degrees. The total emitted power is only 4.1 mW below that from the ideal thermal body with the same area at the same temperature.
Thermal Extractor with Structured Material
As shown in Eq. (1) the maximum enhancement of the dome-like extraction devices is limited by n 2 e times of the blackbody radiation limit for ne<n i . This limitation can be overcome by using structured materials to realize much higher effective refractive indices. Here we discuss the experimental work that uses hyperbolic metamaterials (HMs) for thermal extraction, which can significantly enhance near-field energy transfer by extracting evanescent waves with arbitrarily large lateral wave vectors. As a special class of indefinite media, HMs with the principal components of the permittivity tensor ϵ having opposite signs have a dispersion relation that satisfies a hyperbolic function (red curves in Fig. 7a ):
where ϵzis the vertical component (ϵz<), ϵx,y is the lateral component (ϵx,y>) with the materials assumed to be uniaxial (i.e.,ϵx=ϵy=ϵx,y), kz and K are the vertical and lateral components of the wavevector, respectively. If a point source is located near an HM, its emitted evanescent waves in vacuum (wavevector k = √︀ k 2 z +K 2 >k 0 ) can excite propagating modes in the HM, leading to enhanced photon local density of states (PLDOS). Thus if a lossless HM (i.e., a real permittivity tensor ϵ) is placed between the emitter and the absorber, and is in optical contact with the emitter as a thermal extraction device, evanescent waves from the emitter can be converted into propagating waves in the HM and transfer energy from the emitter to the absorber. In comparison with the extraction device for far-field emission [8] , an ideal HM extractor could greatly enhance the rate of radiative heat transfer far beyond what nature materials could offer. As discussed above, HMs are not the only choice here. Any structured material that possesses a large PLDOS can be used as an effective thermal extractor. To realize HMs, metal wire arrays (MWAs) have been chosen from all other possibilities in this demonstration because metamaterials made from MWAs are extremely low-loss and can maintain the hyperbolic dispersion in a broad frequency band within the infrared regime [42] . Particularly, MWAs were demonstrated to have a dispersion relation of kz= √ ϵ x,y k 0 , which corresponds to a HM with ϵz= ∞, reducing the hyperbolic function to two flat lines (blue dashed lines in Fig. 7a ) [42] . As a result, MWAs perform as lossless waveguides that can duplicate the exact field profiles at one end and transfer them to the other end.
To quantitatively evaluate the performance of MWAs as a near-field thermal extractor, the PLDOS is studied for structures with different thickness and each compared with corresponding cases without MWAs (Fig. 7c) . It has been shown that the calculated PLDOS at a distance of 100 nm above the HM slab can be enhanced by one order of magnitude, compared with the PLDOS at the same location without the HM slab and that the wave-guiding properties or the HM characteristics of MWAs are almost independent of the wire length, as long as the period of the wires is much smaller than the lateral wavelength of incident photons. The HM modes in MWAs are extremely low-loss because electromagnetic energy is highly concentrated on metal wire surfaces with little penetration. The decay length of MWAs is estimated to be much longer than the wavelength. Fig. 7d shows the electric field profile excited by a dipole located at a 100 nm distance above the 500 nm thick slab. The uniform field distribution along the wires further confirms the waveguiding effect of MWAs. The experiment demonstration is done by measuring the radiative heat transfer between a microsphere and a substrate at nanoscale gaps (Fig. 8a,b) . To probe the heat transfer, a SiO 2 microsphere is attached to the tip of a bimaterial (SiN X /gold) atomic force microscope cantilever, which is very sensitive to temperature and therefore can resolve heat power as small as 0.1 nW [55, 56] . A laser beam is used to measure the deflection of the cantilever and heat the microsphere to ∼ 50 ∘ , whereas the sample substrate is maintained at ambient temperature. When the sphere approaches the substrate, the heat flow radiated from the microsphere to the substrate greatly increases due to nearfield heat transfer [31, 32] and causes the bending of the cantilever by reducing the temperature of the sphere. As shown in Fig. 8c inset, the deflection signal of the cantilever, which also represents the near-field heat transfer signal, increases as the gap decreases with time. The sharp change in the slope of cantilever deflection signals indicates the mechanical contact between the sphere and the substrate (Fig. 8c) , thereby providing a reference to precisely determine the substrate-sphere separation.
To fabricate the MWA-based HMs, we employ anodic aluminum oxide (AAO) nanoporous templates to grow vertically aligned metal nanowires via electrochemical deposition [57] [58] [59] . Fig. 9a,b show nickel nanowire arrays embedded in an AAO template. To prove that MWAs only participate in heat transfer as a passive waveguide, the near- field radiative heat flux between the SiO 2 microsphere and bare nickel nanowire arrays in vacuum supported on a~30 µm thick nickel film was measured. The temperature difference between the SiO 2 sphere and the nickel nanowires was calibrated to be 29 K. The SiO 2 microsphere serves as a super-Planckian near-field absorber/emitter (with a very large PLDOS close to its surface) [32] and the nickel film beneath the nanowires performs as a mirroran extremely inefficient thermal emitter/absorber.
It has been demonstrated that the near-field heat transfer between an SiO 2 sphere and a metal surface is almost zero [32] . If substantial heat transfer occurs between the SiO 2 sphere and the nickel nanowires, it must be attributed to the contribution from the nickel nanowires rather than the 30 µm thick nickel film. However, there is no obvious heat transfer observed (Fig. 9c) . This is because the nanowires are low-loss for thermal radiation, and therefore the propagating waves along the 10 µm long nanowires have negligible dissipation. On the other hand, when the non-decaying propagating waves reach the highly reflective nickel film at the end of the nanowires, they will be almost totally reflected. As a result that nickel nanowire array can work as a passive lossless waveguide for thermal radiation.
To measure near-field thermal extraction MWAs are connected with a lossy thermal emitter/absorber instead of a metal mirror in the above case. To demonstrate nearfield thermal extraction effect, we measure the near-field heat transfer with/without the protruded nickel nanowires as a thermal extractor. In Fig. 10c , where near-field thermal conductance is plotted as a function of the gap d between the SiO 2 sphere and the absorbing substrate (Fig. 10c , upper right inset), the HM thermal extractor can dramatically enhance near-field heat transfer. At the smallest separation between the sphere and the nanowires, the measured thermal conductance with the protruded nanowires is around one order of magnitude larger than the case without the protruded nanowires. This result demonstrates the excellent near-field thermal extraction performance of MWAs. It is worth noting that in order to demonstrate the near-field thermal extraction effect of MWAs, the near-field emitters and absorbers can be arbitrarily chosen.
Near-field thermal extraction of MWAs is independent of the material properties of emitters/absorbers. For any thermal emitters/absorbers, such as a lossy AAO template or a SiO 2 sphere in this work, they all support thermally excited evanescent waves. When the emitter and the absorber are separated by a large gap compared with the wavelength of thermal radiation, the evanescent modes exponentially decay from the surface and do not contribute to heat transfer. However, if an HM (e.g., MWAs) is optically contacted with the emitter and placed between the emitter and the absorber, the evanescent modes from the emitter can be converted into the propagating modes in the HM, and then transfer energy to the absorber. Hence radiative heat transfer can be greatly enhanced by the extracted evanescent modes.
Lastly, we note that thermal extractors do not require completely lossless materials. In fact, lossy materials can also be used as thermal extractors as long as the propagation length of thermal photons is longer than the optical path length that is needed in order to reach the outside vacuum. For low-temperature applications such as at T <500 K, the wavelength of thermal photons is in the mid-infrared region where metals have much lower optical loss than in the visible wavelength range. Therefore, many metamaterials that are based on metallic structures could be used as thermal extractors to realize extraordinarily high density of states and thermal extraction enhancement. 
Conclusion
We have reviewed the concept of thermal extraction with the example of a high-index hemispherical dome and metallic nanowire metamaterials. In general, thermal ex-traction can be accomplished with other geometries as well. Here we comment on the general requirement of the thermal extraction device: Firstly, the thermal extraction needs to be in optical contact with the emitter, that is, the distance between the emitter and the extraction device needs to be smaller compared with the evanescent length scale determined by the thermal wavelength. This is to ensure that all internal states in the emitter can couple to modes in the extraction device. We note, however, the thermal extraction device need not be in physical contact with the emitter. This could be useful in practice when it is advantageous to prevent thermal conduction between the extraction device and the emitter. Secondly, from a thermodynamics point of view, the thermal extraction device needs to provide enough radiation channels over the area of the emitter to ensure that all internal modes of the emitter can outcouple. A simple way to accomplish this is to choose the extraction device such that its density of states is larger than that of the emitter. The size of the extraction device also needs to be sufficiently large, such that the vacuum region immediately outside the extraction device has sufficient number of radiation channels to accommodate all the thermal emission. Both of these considerations are incorporated in our choice of parameters for the hemispherical dome. On the other hand, based upon these considerations, one can envision a wide variety of nanophotonic structures that may satisfy these thermodynamic considerations. Finally, in the extraction device those optical modes that receive radiation from the emitter need to be accessible to far-field vacuum. This places a constraint on the geometry of the extraction device. For example, a transparent high-index slab with a flat surface does not provide thermal extraction. Even though more radiations can enter the slab, those outside the escape cone defined by sin 1(1/ne) cannot escape to far-field vacuum due to total internal reflection. As a result, the total farfield emission remains the same as SσT 4 . This particular requirement of making internal optical states accessible to far-field shares the same spirit of the requirement of light trapping in solar cells. Many light trapping structures, for example, roughened slab, irregular polygon and nanostructured interface can be directly used for thermal extraction.
